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F i g u r e  1. Pro to type  luna r  sky -b r igh tness  photometer 
F I N A L  REPORT 
NASA Grant NGR 14-007-048 
F E A S I B I L I T Y  AND D E S I G N  STUDY OF I N S T R W N T A T I O N  
FOR MEASURING LUNAR SKY BRIGHTNESS 
I. In t roduc t ion .  
This  r e p o r t  summarizes t h e  r e s u l t s  achieved du r ing  t h e  i n i t i a l  s t u d y  
of t h e  luna r  sky-br ightness  photometer. During t h e  pe r iod  covered by t h i s  
r e p o r t ,  a p ro to type  ins t rument  was designed and b u i l t  (see Fig .  1). Test 
runs  were made on t h e  sky and sample d a t a  were reduced. A number of 
d e s i r a b l e  mod i f i ca t ions  have been devised  f o r  f u t u r e  inco rpora t ion .  
The r e p o r t  i s  organized t o  review b r i e f l y  the  o b j e c t i v e s  of t h e  luna r  
observa t ions  and t h e  o p e r a t i o n a l  concept .  The d e t e c t i o n  system and the  
opt ica l /mechanica l  system are b r i e f l y  descr ibed  and t h e  c u r r e n t l y  proposed 
mod i f i ca t ions  are b r i e f l y  s t a t e d .  Sample d a t a  a r e  presented  i n  reduced 
form. Details of t h e  c i r c u i t r y  a r e  presented  i n  appendices.  
11. Observa t iona l  program o b j e c t i v e s .  
The primary purpose of t h e  photometer i s  t o  measure t h e  g e n e r a l  char -  
a c t e r  of t h e  l u n a r  sky b r i g h t n e s s  i n  t h e  wavelength r eg ion  from 1200 t o  
5000 i, i n  o rde r  t h a t  e f f e c t s  on the  des ign  of l a r g e r  l u n a r  t e l e scopes  may 
be assessed .  S p e c i f i c  o b j e c t i v e s  inc lude :  
1. mapping t h e  b r i g h t n e s s  of t h e  z o d i a c a l  l i g h t  a t  h igh  e c l i p t i c  
l a t i t u d e s ;  
2. mapping t h e  b r i g h t n e s s  of t h e  background l i g h t  of t h e  Milky Way 
galaxy a t  h igh  g a l a c t i c  l a t i t u d e s ;  
l o c a t i n g  and measuring t h e  r e g i o n  of minimum sky b r i g h t n e s s ;  and 
# 
3. 
4 .  sea rch ing  f o r  l o c a l  sky b r i g h t n e s s  e f f e c t s  p o s s i b l y  a r i s i n g  from 
1 
2 
a l u n a r  d u s t  haze,  l una r  gaseous emissions o r  s o l a r  wind Lyman 
CY r a d i a t i o n .  
Although we cons ider  two s e p a r a t e  ins t ruments  t o  be desirable-one 
t o  measure Lyman Q r a d i a t i o n  and one t o  measure wavelengths between 2000 
and 5000 A-we have found i t  p o s s i b l e  t o  develop only  one through t h e  pro to-  
0 
type  s t a g e  a t  t h i s  t i m e .  
t h i s  i n i t i a l  development on account  of i t s  more g e n e r a l  na ture .  
We have chosen t h e  2000-5000 A photometer f o r  
It i s  
expected t h a t  only minor mod i f i ca t ions  i n  t h e  o p t i c a l  system and a change 
i n  t h e  d e t e c t o r  would be r equ i r ed  t o  conver t  i t  t o  a Lyman CY spec t rometer .  
111. Desc r ip t ion  of photometer and i t s  opera t ion .  
The ins t rument  w i l l  be  enc losed  i n  a compact package designed t o  l i e  
f l a t  on t h e  luna r  su r face .  A l l  p a r t s  except  t h e  viewing a p e r t u r e  w i l l  
beicovered wi th  an  i n s u l a t i n g  b l anke t  and h e a t  conduct ion rods  w i l l  be  
sunk i n t o  t h e  luna r  s o i l  i n  an e f f o r t  t o  use t h e  i n t e r n a l  h e a t  of t h e  moon 
t o  s t a b i l i z e  t h e  temperature  of t h e  ins t rument  between f50'C. 
w i l l  shade t h e  ins t rument  from d i r e c t  s u n l i g h t  a t  a l l  t i m e s  i n  order  t o  
minimize both temperature  problems and s c a t t e r e d  l i g h t  problems dur ing  
d a y l i g h t  ope ra t ions .  
A sun s h i e l d  
The ins t rument  has  only two moving p a r t s :  1) a r o t a t i n g  m i r r o r  which 
w i l l  scan  t h e  l i n e - o f - s i g h t  a long  t h e  luna r  meridian,  and 2) a r o t a t i n g  
f i l t e r  wheel. The r o t a t i n g  m i r r o r  i s  programmed t o  success ive ly  p o i n t  a t  
10 l u n a r  d e c l i n a t i o n s  ranging  from t h e  hor izon  f a r t h e s t  from t h e  lunar  
equa to r  t o  w i t h i n  10" of t h e  equator .  
i n g  0.78 square  degrees  of t h e  sky w i l l  be  made through each of f i v e  
f i l t e r s  a f t e r  which t h e  mi r ro r  w i l l  s t e p  t o  t h e  nex t  d e c l i n a t i o n .  The 
average  t i m e  t o  advance t h e  f i l t e r  wheel and make a measure i s  approximately 
A t  each  d e c l i n a t i o n  measures cover- 
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30 seconds; t h e  average t i m e  spen t  a t  each d e c l i n a t i o n  i s  t h r e e  minutes ,  
and, a l lowing  an a d d i t i o n a l  minute t o  s t e p  i n  d e c l i n a t i o n ,  a t o t a l  of 
40 minutes w i l l  be r equ i r ed  t o  measure 10 d e c l i n a t i o n  bands. Thus each 
band w i l l  be  remeasured every  40 minutes.  Given t h e  s i d e r e a l  r o t a t i o n  of 
0.5S0/hour, t h e  r ead ings  a t  0' d e c l i n a t i o n  w i l l  be spaced a t  i n t e r v a l s  of 
Of37. Thus a d u p l i c a t i o n  of d a t a  w i l l  r e s u l t  a t  t h e  equator  and g r e a t e r  
redundancy w i l l  be obtained a t  h ighe r  l u n a r  d e c l i n a t i o n s .  
of one l u n a r  synodic  per iod  approximately 390' of each d e c l i n a t i o n  band 
w i l l  be  scanned w i t h  195' be ing  scanned i n  n igh t t ime  cond i i ions .  It i s  
expected t h a t  l o c a l  haze e f f e c t s  may be  de t ec t ed  by measuring a c i rcumpolar  
I n  t h e  course  
d e c l i n a t i o n  band bo th  above and below t h e  e l e v a t e d  pole .  Due t o  t h e  high 
redundancy of d a t a  i n  t h e  p o l a r  r eg ions  and t o  t h e  expected low angular  
e l e v a t i o n  of t h e  pole ,  t h e  p o l a r  r eg ions  should be  w e l l  s u i t e d  f o r  such 
measures. 
The s e n s i t i v i t y  of t h e  o p t i c a l  system, t h e  d e t e c t o r  and i t s  e l e c t r o n i c  
system w i l l  be  c a l i b r a t e d  i n  two ways: 1) by observing those  stars which 
s t and  ou t  apprec i ab ly  above t h e  sky background and 2) by r epea ted  measures 
of t h e  p o l a r  f i e l d  which w i l l  be  measured once i n  each mer id ian  scan  cyc le .  
These c a l i b r a t i o n s  w i l l  n o t  on ly  d e f i n e  an a c c u r a t e  z e r o  p o i n t  and s c a l e  
f o r  t h e  photometr ic  system b u t  w i l l  a l low t h e  d e t e c t i o n  of changes i n  t h e  
e f f i c i e n c y  of t h e  o p t i c a l  system and e l e c t r o n i c  systems combined. A 
s t anda rd  r a d i a t i o n  source  i s  inc luded  as one of t h e  s i x  f i l t e r  p o s i t i o n s  
t o  monitor t h e  s e n s i t i v i t y  of t he  d e t e c t o r  and i t s  e l e c t r o n i c  system, and 
hence t o  i s o l a t e  and measure p rogres s ive  d e t e r i o r a t i o n  i n  t h e  r e f l e c t i v i t y  
of t h e  o p t i c a l  system. 
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I V .  The d e t e c t i o n  system. 
The b a s i c  requirement  on t h i s  system i s  t h a t  i t  d e t e c t  w i t h  an 
accuracy of &.5% photon f l u x e s  i n  t h e  f o c a l  p lane  ranging  from lo3 t o  lo7  
photons sec-’ . The corresponding numbers of pho toe lec t rons  are taken  t o  
be lo2 t o  10 I f  t h e  l i g h t  ga the r ing  a r e a  i s  88 cm2 , 
t h e  band width f o r  each  f i l t e r  i s  200 and t h e  t ransmiss ion  of t h e  o p t i c a l  
system i s  0.30 then  t h e  minimum f o c a l  p lane  f l u x  corresponds t o  a f l u x  
i n c i d e n t  on t h e  en t r ance  a p e r t u r e  of  0.19 photons set"' cme2k1 . 
e q u i v a l e n t  t o  t he  f l u x  a t  5390 %, rece ived  from a s t a r  w i t h  
R. V. W i l l s t r o p ,  MN 121, 1 7 ,  1960). A t  t h i s  l i m i t  pho toe lec t ron  s t a t i s -  
t i c s  i n d i c a t e  t h a t  a photometr ic  accuracy of 2~1.7% may be achieved i n  a 
36-second i n t e g r a t i o n  t i m e .  
expressed i n  magnitudes w i l l  be V = -0.75. 
6 photoe lec t rons  sec-’ 
Th i s  i s  
V = 9.25 (see 
With a dynamic range of 1$ t h e  b r i g h t  l i m i t  
> 
The c i r c u i t  t h a t  has  been developed t o  achieve  t h i s  purpose c o n s i s t s  
of t h r e e  o p e r a t i o n a l  a m p l i f i e r s  of types  t h a t  can b e  b u i l t  t o  NASA 
s p e c i f i c a t i o n s ,  two t r a n s i s t o r s  i n  a d i f f e r e n t i a l  a m p l i f i e r  c i r c u i t ,  and 
f i e l d - e f f e c t  
da rk -cu r ren t  
t h e r e  i s  any 
ployed. The 
t r a n s i s t o r s  employed as swi tches  f o r  i n i t i a t i n g  readout ,  
c a n c e l l a t i o n ,  and z e r o  s e t t i n g .  For  t h e  f i e l d - e f f e c t ,  i f  
problem of acceptance,  low-leakage reed  r e l a y s  can be  em- 
ou tput  vo l t age  from t h e  c i r c u i t  i s  a quas i - logar i thm of t h e  
i n p u t  c u r r e n t ,  a 10 -vo l t  ou tput  corresponding t o  about  15 pA and a 0 .3  
ou tpu t  corresponding t o  about  150 nA. Minimum c i r c u i t  accuracy,  a t  t he  
extremes of  t he  range,  is  about  3% o f . t h e  reading .  
Opera t ion  of t h e  c i r c u i t  c e n t e r s  about  a comparison of two vo l t ages .  
One r i s i n g  v o l t a g e  i s  generated by i n t e g r a t i n g  t h e  output  c u r r e n t  of t h e  
pho tomul t ip l i e r ;  t h e  o t h e r  i s  a decaying vo l t age  i n  an  RC c i r c u i t  which 
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i s  i n i t i a l l y  charged t o  a s tandard  10.0 v o l t s .  When t h e  two vo l t ages  
become equa l ,  an o p e r a t i o n a l  a m p l i f i e r  connected as a v o l t a g e  comparator 
f l i p s  s t a t e s ,  c u t t i n g  o f f  a second t iming i n t e g r a t o r .  
The t iming i n t e g r a t o r  gene ra t e s  a v o l t a g e  p r o p o r t i o n a l  t o  e lapsed  
t i m e  from t h e  beginning of an  exposure t o  the  moment a t  which t h e  
comparator changes s t a t e ;  t h i s  vo l t age  i s  held long enough t o  permit  n o t i -  
f y i n g  an e x t e r n a l  c i r c u i t  t h a t  d a t a  i s  ready. 
The e l apsed  t i m e  i s  r e l a t e d  t o  t h e  i n p u t  c u r r e n t  a s  fol lows:  
l e t :  i = pho tomul t ip l i e r  ou tput  s i g n a l  c u r r e n t  
Eo = i n i t i a l  charge on decaying RC c i r c u i t  
t = e lapsed  t i m e  
T = t ime-cons tan t  of RC c i r c u i t  
K = photocurren t  i n t e g r a t o r  t i m e  cons t an t .  
Then: c rossover  occurs  when 
- t / T  
( l / K )  i d t  = Eo e 
o r  simply 
Theref o re ,  
i t/m0 - t / T  e 
- t / T  i = ( K E o / t )  e 
I f  t h e  vo l t age  comparator f i r e s  when t h e  i n t e g r a t e d  (and decaying) 
vo l t age  i s  equa l  t o  E ,  then  t h e  e r r o r  i s  
d i / i  = (dE/E)[l -I- 1 / ( E  !&I Eo/E)] . 
A t  E cr 10 v o l t s  (maximum photocurren t ) ,  t h e  expres s ion  i n  b racke t s  
is  equa l  t o  1.1, t h a t  i s ,  t h e  e r r o r  i n  photocurren t  i s  1.1 t i m e s  t h e  
e r r o r  i n  r eadou t  of t h e  f i n a l  vo l t age .  A t  E = 0.1 v o l t ,  t h e  f a c t o r  i s  
2.5. Thus i f  c rossover  d e t e c t i o n  i s  good t o  1% of t h e  r ead ing ,  o r  a t  t h e  
low end, 1 m i l l i v o l t ,  t h e  worst  e r r o r  w i l l  be  2.5%. 
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It w i l l  be noted t h a t  t h i s  c i r c u i t  au tomat i ca l ly  provides  longer  
i n t e g r a t i o n  t i m e s  as t h e  photocurren t  dec reases .  The longes t  t i m e  may be 
s e l e c f e d  by adjustment  of t h e  t ime-cons tan t  T,  s o  a s  t o  achieve  a s t a t e d  
s t a t i s t i c a l  accuracy f o r  t h e  minimum c u r r e n t .  A t  p r e s e n t  a goa l  of 5% 
has  been s e l e c t e d ,  s o  t h a t  a 4-second i n t e g r a t i o n  t i m e  i s  r equ i r ed ,  f o r  
a s i g n a l  of 100 pho toe lec t rons  per  second. Exact  parameters  remain t o  be 
chosen; g r e a t e r  accuracy may be ach ievab le  when the ba lance  between cosmic 
no i se  and ins t rument  n o i s e  i s  more c a r e f u l l y  cons idered ,  
Presence of da rk  c u r r e n t  w i l l  s e r i o u s l y  a f f e c t  t h e  ope ra t ion  of 
t h i s  c i r c u i t :  t h e r e f o r e  a c y c l e  of automatic  da rk -cu r ren t  c a n c e l l a t i o n  
has  been incorpora ted .  Up t o  0.5 nA of dark-cur ren t  c a n c e l l a t i o n  can  be 
achieved,  a l though f a r  less da rk  c u r r e n t  than  t h i s  i s  a n t i c i p a t e d .  I n  t h e  
da rk -cu r ren t  c a n c e l l a t i o n  mode, t h e  s i g n a l  i n t e g r a t o r  ou tput  goes t o  a 
d i f f e r e n t i a l  a m p l i f i e r  which charges  a c a p a c i t o r ;  t h i s  c a p a c i t o r  i s  con- 
nected t o  t h e  i n p u t  of t h e  s i g n a l  i n t e g r a t o r  through a l o l o  ohm r e s i s t o r  
(not  c r i t i c a l ) .  When t h i s  c i r c u i t  i s  c losed ,  t h e  a m p l i f i e r  a d j u s t s  t h e  
c a p a c i t o r  vo l t age  u n t i l  t h e  output  of t h e  a m p l i f i e r  ceases  t o  d r i f t .  
Then t h e  c a p a c i t o r  i s  d isconnec ted  from t h e  ou tpu t  of t h e  a m p l i f i e r ,  and 
h o l d s  t h e  vo l t age  a c r o s s  t h e  l o l o  ohm r e s i s t o r  long  enough f o r  a s i g n a l  
i n t e g r a t i o n  t o  occur ,  a f t e r  another  c i r c u i t  can be  cance l l ed  w i t h  an 
accuracy of about 0.03 PA. T h i s  c a n c e l l a t i o n  process  a l s o  t akes  care of 
i n p u t  leakage c u r r e n t s  and o t h e r  sou rces  of spu r ious  c u r r e n t s  reaching  
t h e  i n p u t  of t h e  i n t e g r a t i n g  a m p l i f i e r ,  a s  w e l l  a s  thermal  d r i f t  of t h e  
i n t e g r a t i n g  a m p l i f i e r .  
I 
Four cond i t ions  of t h e  whole a m p l i f i e r  a r e  used, t h r e e  set  by ex- 
t e r n a l  c o n t r o l  of f i e l d - e f f e c t  swi tches  (or reed  r e l a y s  having very  low 
7 
leakage) .  The f i r s t  ze ros  t h e  s i g n a l  i n t e g r a t o r  and output  ( t ime-to-  
vo l tage)  i n t e g r a t o r .  The second i n i t i a t e s  an exposure,  unshor t ing .bo th  
i n t e g r a t o r s .  The t h i r d  occurs  au tomat i ca l ly ,  when t h e  l e v e l - d e t e c t o r  
f i r e s ,  s topping  t h e  output  i n t e g r a t o r  and provid ing  a "data  ready" output  
s i g n a l .  The f o u r t h  i n i t i a t e s  da rk -cu r ren t  c a n c e l l a t i o n ,  whi le  t h e  output  
vo l t age  remains he ld  a t  i t s  previous  va lue .  During da rk -cu r ren t  cance l -  
l a t i o n ,  a vo l t age  i s  a v a i l a b l e  f o r  readout ,  i n d i c a t i n g  dark  c u r r e n t .  
Because da rk -cu r ren t  c a n c e l l a t i o n  i s  e s s e n t i a l  f o r  ob ta in ing  accu ra t e  
r ead ings ,  i t  has  been decided t o  i n s e r t  a da rk -cu r ren t  c a n c e l l a t i o n  c y c l e  
a f t e r  every  exposure.  
Because t h e  b a s i c  output  i s  a t i m e - i n t e r v a l ,  t h e  t ime- to-vol tage  
i n t e g r a t o r  s e r v i n g  p r i m a r i l y  t o  provide  an analogue vo l t age  p r o p o r t i o n a l  
t o  t i m e ,  i t  i s  p o s s i b l e  t o  provide  a d i g i t a l  readout  d i r e c t l y  i f  t h a t  i s  
d e s i r e d ;  t h e  i n i t i a t i o n  of an exposure may be  made t o  s t a r t  a counter  
accumulat ing p u l s e s  from a s t anda rd  o s c i l l a t o r ,  and t h e  "data  ready" 
output  of t h e  comparator may be made to t e rmina te  t h e  count ing .  Likewise 
t h e  two even t s ,  i n i t i a t i o n  and t e rmina t ion  of an i n t e g r a t i o n ,  can them- 
s e l v e s  se rve  a s  a backup readout  i n  c a s e  t h e  output  conve r t e r  f a i l s ,  s i n c e  
t h e  b a s i c  readout  i s  a t i m e  i n t e r v a l .  
The packaged c i r c u i t s  employed a r e  ob ta inab le  wi th  very low temper- 
a t u r e  d r i f t s  over t h e  range  from -55' t o  + l l O ° C .  
t h e  h e a t  c o n t r o l  methods mentioned above i t  w i l l  be p o s s i b l e  t o  s t a b i l i z e  
t h e  ins t rument  temperature  w i t h i n  t h e s e  l i m i t s .  
We expect t h a t  w i t h  
V. The o p t i c a l  and mechanical system. I 
The mechanical l ayou t  of t h e  ins t rument  i s  shown i n  F igure  2 .  The 
primary o p t i c a l  system c o n s i s t s  of a r o t a t i n g  f l a t  scanning mi r ro r  and a 
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109-mm-aperture f / 2  s p h e r i c a l  m i r r o r  which focuses  t h e  l i g h t  on t h e  
photocathode of t h e  pho tomul t ip l i e r  tube.  Both m i r r o r s  a r e  coated w i t h  
aluminum and overcoated wi th  magnesium f l u o r i d e  t o  provide maximum re- 
f l e c t a n c e  i n  t h e  Ah 2000-5000 i wavelength reg ion .  A mechanical c o l l i -  
mator-a 3-inch-long a r r a y  of %-inch diameter  tubes  i n  f r o n t  of t h e  
scanning mir ror -ac ts  a s  t h e  system f i e l d  s t o p ,  r e s t r i c t i n g  t h e  o b j e c t i v e  
acceptance ang le  t o  3.5 degrees  (half-power) and thereby  g r e a t l y  reducing 
the  amount of s c a t t e r e d  l i g h t  i n  t h e  ins t rument .  The photometer i t s e l f  
has  a l -degree  f i e l d  d iameter  which i s  de f ined  by an a p e r t u r e  s t o p  behind 
t h e  f i l t e r  wheel, a t  t h e  focus of t h e  s p h e r i c a l  mir ror .  
The l i m i t s  of wavelength s e n s i t i v i t y  are se t  by abso rp t ion  i n  t h e  
fused qua r t z  pho tomul t ip l i e r  window (at  1700 A) and by t h e  response of 
t h e  S-type photocathode ( a t  5000 H). The f i l t e r  wheel ho lds  a set of 
f i v e  i n t e r f e r e n c e  f i l t e r s  and a s tandard  l i g h t  source .  The f i l t e r s  are 
a l l - d i e l e c t r i c  Fabry-Perot  types  on 1 mm-thick s u b s t r a t e s  of 9 mm clear 
a p e r t u r e .  They have peak t ransmiss ions  of 65-80% and ha l f -wid ths  of 
about  150 1. 
wheel between f i l t e r s .  
Dark-current  r ead ings  w i l l  be taken on t h e  s e c t i o n s  of t h e  
Stepping motors d r i v e  both t h e  f i l t e r  wheel and t h e  scanning m i r r o r  
assembly. A t  t h e  end of each f i l t e r - w h e e l  c y c l e  t h e  s t epp ing  motor which 
c o n t r o l s  t h e  scanning m i r r o r  assembly i s  ac tua ted .  The stepping-motor 
d r i v e s  a r e  c o n t r o l l e d  by a d i g i t a l  t i m e r  system. O p t i c a l  encoders  a r e  
included on the  f i l t e r  wheel t o  v e r i f y  f i l t e r  p o s i t i o n  and on t h e  scanning 
mi r ro r  assembly t o  v e r i f y  angular  a l t i t u d e .  
1 
V I .  Performance tests.  
Laboratory tests and sky tes ts  have been performed; however between 
9 
t h e  t i m e  t h e  l a b o r a t o r y  tests on t h e  quas i - log  photometer were f i n i s h e d  
and t h e  f i r s t  oppor tun i ty  f o r  sky tes ts ,  an  improved v e r s i o n  of t h e  
photometer c i r c u i t  was dev i sed ,  g i v i n g  a t r u e  l oga r i thmic  r e l a t i o n s h i p  
between exposure t i m e  and l i g h t  i n t e n s i t y .  The m0difie.d c i r c u i t ,  shown 
i n  F igu re  4 and d i scussed  i n  Appendix B, w a s  used f o r  a l l  t h e  sky tests 
r epor t ed  here .  
i n  t h e  l a b o r a t o r y ,  w i t h  an  a r t i f i c a l  "photocurrent"  i npu t .  
F igu re  3 shows t h e  performance of t h e  quas i - log  i n t e g r a t o r  
F igu re  5 i s  a l a b o r a t o r y  c a l i b r a t i o n  of t h e  i n t e g r a t i n g  ( t rue )  
l oga r i thmic  photometer.  Neut ra l -dens i ty  f i l t e r s  provided known s teps  of 
l i g h t  i n t e n s i t y ;  t h e  f i g u r e  shows composite d a t a  f o r  runs  a t  va r ious  
source  i n t e n s i t i e s .  The readings  a l l  l i e  w i t h i n  0.05 magnitude of a 
s t r a i g h t  l i n e ;  t h i s  i s  about  t h e  o v e r a l l  accuracy w i t h  which source  and 
f i l t e r  parameters  were measured. 
l oga r i thmic  r e l a t i o n s h i p  used i n  sky c a l i b r a t i o n s .  
This  curve  provides  t h e  s l o p e  of t h e  
t I 
For  sky t e s t s ,  i t  was decided (on t h e  b a s i s  of r ecen t ly -acqu i red  
d a t a  about  a l i k e l y  ALSEP conf igu ra t ion )  t o  employ t h e  t ime- in t e rva l  
r eadou t  d i r e c t l y  t o  g a t e  a counter .  The photometer was set  up i n  t h e  
16-inch t e l e scope  dome of t h e  Lindheimer Astronomical Research Center ,  
and a s ing le -wi re  s i g n a l ,  p l u s  f o u r  v o l t s  du r ing  an exposure and ground 
o therwise ,  was run  t o  t h e  e l e c t r o n i c s  shop, 75 f e e t  below. The labora-  
t o r y ' s  PDP85 computer was programmed t o  s imula t e  a 60-cycle counter  and 
p r i n t  a t o t a l  count  f o r  each f i l t e r - w h e e l  p o s i t i o n .  The 60-cycle  p u l s e s  
ga ted  by t h e  exposure s i g n a l  enabled t h e  exposure,  and hence t h e  (nega t ive)  
l oga r i thm of  l i g h t  i n t e n s i t y ,  t o  be measured wi thout  use of  t h e  t iming 
i n t e g r a t o r  of t he  o r i g i n a l  c i r c u i t .  
form expected from an o p e r a t i o n a l  l una r  ins t rument .  
The readout  w a s  e s s e n t i a l l y  i n  t h e  
For t h e  sky tes ts  
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t h e  d e c l i n a t i o n  scan  was d i s a b l e d ,  t o  p e r m i t  r ead ings  on over lapping  
f i e l d s .  
F i g u r e  6 shows t h e  f i r s t  test  scan  on t h e  sky. The photometer was 
s e t  up s o  t h a t  CY Lyrae,  of magnitude $0.1, d r i f t e d  a c r o s s  t h e  f i e l d .  The 
curve  shown i s  f o r  no f i l t e r .  
The l a r g e s t  d e f l e c t i o n s  were used as a means f o r  measuring sky 
b r i g h t n e s s .  
magnitude a s  t h e  r a t i o  of ( S t a r  f Sky)/(Sky), and s o l v i n g  f o r  t h e  sky 
magnitude. The b r igh tness  f i g u r e  given,  20.2 magnitudes per  square  second 
of a r c ,  i s  very  da rk  f o r  Evanston, b u t  t h e  n i g h t  on which t h i s  c a l i b r a t i o n  
was done w a s  indeed e x t r a o r d i n a r i l y  c l e a r  and much da rke r  than  usua l .  
Sky b r i g h t n e s s  i s  computed by t a k i n g  t h e  change i n  i n d i c a t e d  
A s  t h e  d r i f t  cont inued ,  8 Lyrae caught  t h e  edge of t h e  f i e l d ,  and 
37 minutes  l a t e r  r) Lyrae passed through t h e  middle of t h e  f i e l d .  The 
b r i g h t n e s s  of t h e  sky  c a l c u l a t e d  from t h i s  measurement of a 4.5 magnitude 
s t a r  ag rees  a lmost  p e r f e c t l y  w i t h  t h a t  ob ta ined  from Vega, i f  one t a k e s  
i n t o  account  t h e  appa ren t  darkening  t r end  of  about  0 .1  magnitude du r ing  t h e  
i n t e r v a l .  The c o l l i m a t i o n  of  t h e  system was a p p a r e n t l y  f a u l t y  du r ing  t h i s  
? 
i n i t i a l  tes t  s i n c e  maximum d e f l e c t i o n  occurs  a t  t h e  t r a i l i n g  edge of  t h e  
f i e l d .  Recol l imat ion  of t h e  o p t i c s  e l imina ted  t h i s  e f f e c t  d u r i n g  l a t e r  
tests. 
F igu re  7 shows t h e  r e s u l t s  of  an  a l l - n i g h t  run  w i t h  t h e  loga r i thmic  
photometer. The photometer a g a i n  was l e f t  s t a t i o n a r y  wh i l e  t h e  s t a r s  
moved by, aiming be ing  done manually w i t h  t h e  a i d  of a s i g h t  on t h e  s i d e  
of  t h e  photometer tube.  The run  w a s  begun a s  soon as t h e  sky was d a r k  
enough t o  permi t  r ead ings ,  and was cont inued  u n t i l ,  a t  dawn, t h e  sky was 
once a g a i n  too  b r i g h t .  During t h e  f i r s t  p a r t  of t h e  n i g h t  t h e r e  were 
t h i n  c louds  of v a r i a b l e  d e n s i t y ;  t h e  f i r s t  two readings  on P o l a r i s  a r e  
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untrustowrthy.  The l a t t e r  two y i e l d  a sky b r i g h t n e s s  of 19.00 magnitudes 
per  square  second of a r c ;  t h e  s l o p e  o f  t h e  magnitude s c a l e  i s  taken  from 
t h e  l a b o r a t o r y  c a l i b r a t i o n s ,  and t h e  sky magnitude i s  c a l c u l a t e d  from 
t h e  r a t i o  of sky-p lus-s ta r  t o  sky b r i g h t n e s s  readings  der ived  from t h a t  
s c a l e .  
A f t e r  t h e  P o l a r i s  runs ,  t he  f i e l d  was moved t o  Cygnus, then f a i r l y  
h igh  i n  t h e  e a s t ,  and measurements were comenced beginning  w i t h  CY Cygni. 
Some i d e n t i f i c a t i o n s  which seem reasonably  c e r t a i n  are g iven  i n  t h e  
f i g u r e  . 
The sky b r i g h t n e s s  c a l c u l a t e d  from t h e  measurement of CY Cygni i s  
19.75 magnitudes pe r  square  second of a r c .  S ince  t h e  pho tomul t ip l i e r  i s  
b l u e - s e n s i t i v e  and has  a qua r t z  photocathode window, the  photometr ic  
magnitudes on which t h e  c a l c u l a t i o n s  a r e  based should be c o r r e c t e d  f o r  
c o l o r  index;  t h e  d i f f e r e n c e  i n  B-V c o l o r  f o r  P o l a r i s  and CY Cygni i s  
approximately 0.73 magnitudes. Referred t o  b lue  magnitude, then ,  t h e  
b r i g h t n e s s  of t h e  sky would be approximately 19.0 magnitude pe r  square  
second. 
i 
Though t h e s e  f i g u r e s  w i l l  be checked by use of a photometer on t h e  
16-inch r e f l e c t o r  a t  LARC, i t  can now be s a i d  wi th  conf idence  t h a t  t h e  
sky b r i g h t n e s s  measurements are i n t e r n a l l y  c o n s i s t e n t  and s t a b l e  over a 
pe r iod  of a t  least  s e v e r a l  hours .  
The major p a r t  of t h e  n l g h t ' s  run  was through t h e  Milky Flay and 
very  near  i t s  boundaries;  i n  s e v e r a l  p l a c e s ,  e s p e c i a l l y  i n  t h e  r eg ion  j u s t  
t o  the  east  of CY Cygni, t h e  e f f e c t s  of masses of i n d i v i d u a l l y  f a i n t  s ta rs  
can be  seen. There are s e v e r a l  p l a c e s  where d i p s  i n  t h e  record  seem t o  
be due t o  groups of f i f t h  and s i x t h  magnitude s t a r s ,  and t h e r e  i s  one 
17 
d e f i n i t e  d i p  due t o  a g a l a c t i c d u s t e r ,  c o n s i s t i n g  most ly  of s t a r s  f a i n t e r  
than  t e n t h  magnitude. 
It i s  i n t e r e s t i n g  t h a t  i n  t h e  evening,  t h e  e f f e c t  of " tw i l igh t "  
from t h e  c r e s c e n t  moon seems t o  be v i s i b l e .  The ephemeris t i m e  f o r  t h e  
onse t  of morning t w i l i g h t  occurs  j u s t  as t h e  i n d i c a t e d  sky b r i g h t n e s s  
begins  t o  show a b r i g h t e n i n g  t r end  of a few hundredths  of a magnitude. 
Some of t he  "noise" i n  t h e  background t r a c e ,  excurs ions  amounting t o  about  
0.1 magnitude peak-to-peak, a r e  probably due t o  wandering of t h e  au to-  
mat ic  da rk -cu r ren t  c a n c e l l a t i o n ,  b u t  how much i s  d i f f i c u l t  t o  determine.  
When a s u i t a b l e  constancy source  i s  found and i n s t a l l e d  t h i s  ques t ion  w i l l  
be  e a s i e r  t o  answer. Even i f  t he  v a r i a t i o n s  a r e  due e n t i r e l y  t o  photom- 
eter v a r i a t i o n s ,  however, t h e  s t e a d i n e s s  of t h e  readings  i s  w i t h i n  the  
o v e r a l l  des ign  goa l  of f0 .05  magnitude. 
A second a l l - n i g h t  run  was c a r r i e d  ou t  i n  o rde r  t o  check a modifi-  
c a t i o n  of t h e  c i r c u i t ,  i nvo lv ing  c h i e f l y  a s i m p l i f i c a t i o n  i n  the  dark-  
c u r r e n t  zero ing  system. The purpose of t h i s  run  was t o  check whether a 
compression of t h e  s c a l e  suspected i n  t h e  prev ious  v e r s i o n  was p re sen t ;  
f i g u r e  8 shows the  results.  The upper p l o t  i s  f o r  one of t he  f i l t e r e d  
p o s i t i o n s ,  t h e  lower i s  f o r  t h e  t h r e e  u n f i l t e r e d  p o s i t i o n s .  The two 
curves  co inc ide  w i t h i n  t h e  n o i s e  of t h e  upper curve.  
Th i s  run  and t h e  r u n  of f i g u r e  7 were done w i t h  an  e f f e c t i v e  aper-  
t u r e  of about  one square  cen t ime te r ;  t h i s  darkens  t h e  apparent  b r i g h t n e s s  
of t h e  sky, and t h e  c a l i b r a t i o n  s t a r s ,  by about  4.5 magnitudes. Thus 
t h e  numbers i n  parentheses  a t  t he  l e f t  of f i g u r e  8 i n d i c a t e  t h e  b r i g h t n e s s  
of t h e  sky i f  t h e  f u l l  a p e r t u r e  had been used t o  o b t a i n  t h e  same curves;  
CY Cass iope iae  would be  e q u i v a l e n t  t o  a c a l i b r a t i o n  s t a r  of about  magnitude 
I 
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8 .3 .  This  means t h a t  under t h e  expected l u n a r  cond i t ions ,  a s t a r  of 
magnitude 5 o r  6 w i l l  p rovide  a very  s a t i s f a c t o r y  c a l i b r a t i o n .  
The n o i s e  seen  on t h e  upper t r a c e  i s  n o t  due t o  photon s t a t i s t i c s ,  
b u t  most probably t o  a combination of two d e f e c t s  i n  the photometer. The 
da rk -cu r ren t  c a n c e l l a t i o n  c i r c u i t  does n o t  work q u i t e  p rope r ly ,  and 
t h e r e  a r e  sma l l  v a r i a t i o n s  i n  commencement and te rmina t ion  of t h e  expo- 
su re .  Both e f f e c t s  can  be t r a c e d  t o  s lugg i sh  ope ra t ion  of t h e  r e l a y s  
which swi t ch  from one f u n c t i o n  t o  t h e  o t h e r ,  and t h e i r  c o r r e c t i o n  w i l l  
probably be t aken  c a r e  of au tomat i ca l ly  when e l e c t r o n i c  l o g i c  i s  s u b s t i -  
t u t e d ,  as planned, f o r  t h e  o p t i c a l  encoders ,  and reed r e l a y s  are s u b s t i -  
t u t e d  f o r  t he  minia ture  re lays .now i n  use.  The p resen t  v a r i a t i o n s  amount 
t o  about  1% RMS of t h e  exposure i n t e r v a l ;  i f  t h e s e  v a r i a t i o n s  can be 
he ld  t o  0.1% t h e  wander i n  t h e  r ead ing  can be reduced by n e a r l y  t h e  same 
f a c t o r .  A t  t h e  l i g h t  l e v e l s  used., of course ,  which approximate t h e  
I 
expected l e v e l s  f o r  t h e  luna r  sky when us ing  f u l l  a p e r t u r e ,  t h e  random 
v a r i a t i o n s  are almost  a l l  w i t h i n  the  des ign  goa l  of f0 .05 magnitude. 
When f i l t e r e d  p o s i t i o n s  of t h e  f i l t e r  wheel are used, however, i t  i s  
p o s s i b l e  f o r  t h e  wander t o  exceed t h e  des ign  goa l  i n  t h e  d a r k e s t  p a r t s  
of t h e  sky. 
F igu re  9 shows t h e  r e s u l t s  o f  a pre l iminary  20-hour s t a b i l i t y  run ,  
w i t h  the  i n t e r c e p t e d  l i g h t  f l u x  set  somewhat f a i n t e r  than t h a t  expected 
on t h e  moon w i t h  f u l l  aperture.  The peak-to-peak f l u c t u a t i o n s  average 
around 0.05 magnitude, and a r e  probably due t o  t h e  e f f e c t s  j u s t  noted. 
The long-term d r i f t  of about  0.02 magnitude perhour has  been t r a c e d  t o  
g radua l  dimming of t h e  e l ec t ro luminescen t  l i g h t - s o u r c e  used. 
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V I I .  Ou t l ine  of  c u r r e n t l y  planned mod i f i ca t ions .  
A.  Mechanical modi f ica t ions .  
I. 
2. 
3 .  
4 .  
5 .  
6 .  
7. 
Inc rease  DEC g e a r  r a t i o  by a f a c t o r  of  10 t o  provide  b e t t e r  
s e t t i n g  performance. On t h e  p ro to type ,  d u s t - s e a l  d rag  l e d  
t o  marginal  performance w i t h  t h e  c u r r e n t  gea r  r a t i o  and 
a v a i l a b l e  stepping-motor torque.  
Make bea r ing  seals o u t  o f  opaque mater ia l .  Trans lucent  
Tef lon  seals permi t ted  l i g h t  l e a k s  i n  t h e  p ro to type  bea r ing  
assembly. 
Add opaque gaske t s  around instrument  t o  minimize l i g h t - l e a k s  
and s c a t t e r e d  l i g h t .  
Add i n t e r n a l  b a f f l e ,  w i t h  s t o p s ,  t o  c o n t r o l  i n t e r n a l  
r e f l e c t i o n s  i n  m i r r o r  housing. 
Improve alignment: t o l e r a n c e s  i n  main bea r ings .  Some b inding  
due t o  s l i g h t  misalignment of pro to type  bear i i lgs  w a s  occa-  
s i o n a l l y  no t i ced  du r ing  t e s t i n g .  
E l imina te  f i l t e r - w h e e l  encoder.  The c a l i b r a t i o n  source  w i l l  
i d e n t i f y  p o s i t i o n  6 and s t ep -gene ra to r  v o l t a g e s  w i l l  i d e n t i f y  
s t e p .  The. e l i m i n a t i o n  o f  t h e  encoder saves  300 m i l l i w a t t s ,  
Make mask p l a t e  t o  s t o p  down a p e r t u r e  f o r  f u r t h e r  t e s t i n g  
on t h e  sky. 
B. E l e c t r o n i c  mod i f i ca t ions .  
1, Change t o  exac t  logar i t&-mic  photometer c i r c u i t ,  
2. Provide g a t i n g  t o  count t iming p u l s e s  du r ing  exposure.  
3.  Provide count-down c i r c u i t s  t o  produce 50 n3 t iming p u l s e s  
from ALSEP c lock  pu l ses .  
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4 .  
5. 
6 .  
7. 
8. 
9. 
10. 
Provide 1 0 - b i t  p a r a l l e l  g a t i n g  f o r  d a t a  readout  on command. 
Convert a l l  c i r c u i t r y  t o  u s e  f u l l  temperature-range compo- 
n e n t s ,  h i g h - r e l i a b i l i t y  components. 
Use nanowatt MUS-FET I C ' s  throughout ,  and e l i m i n a t e  $5-V 
power requirement.  
Use magne t i c - l a t ch ing  reed r e l a y s  i n  photometer and f o r  
d e c l i n a t i o n  motor d r i v e  r e v e r s i n g ,  t o  save 1.5 watts power. 
Change f i l t e r - w h e e l  l o g i c  t o  u s e  motor d r i v e  v o l t a g e s  i n -  
s t e a d  of encoder t o  i n d i c a t e  s t e p ;  u se  constancy cour se  t o  
i d e n t i f y  f i l t e r  p o s i t i o n  s i x ,  Photometer w i l l  o p e r a t e  i f  
s t e p p e r  f a i l s  b u t  s t e p  gene ra to r  s t i l l  works. 
Add so leno id  t o  move f i l t e r  wheel t o  open p o s i t i o n  i n  case 
of f i l t e r  s t e p  motor f a i l u r e .  
Add p h o t o r e s i s t i v e  "sun sensor" t o  monitor g ross  s c a t t e r e d  
l i g h t  i n s i d e  photometer barrel .  
V I I I .  Personnel.  
The work r e p o r t e d  h e r e i n  has  been performed under t h e  supe rv i s ion  
of  D r .  K. G. Henize, P r i n c i p a l  I n v e s t i g a t o r ,  and D r s .  J. D. Wray, J. D. 
Bahng, J. A.  Hynek and J. Burns, c o - i n v e s t i g a t o r s .  The design i s  l a r g e l y  
t h e  work of Messrs. F. G. O'Callaghan ( o p t i c a l  and mechanical)  and W. T.  
Powers ( e l e c t r o n i c )  Cons t ruc t ion  o f  t h e  instrument  was 1argel.y accornplished 
by Messrs. B. C. McKenna, E. Yelke and E. J. Pekol. The t e s t i n g  w a s  l a r g e l y  
c a r r i e d  o u t  by Powers and M r .  R.  B. Hutchison. M r .  R. R. Woo w a s  i n  
charge of a d m i n i s t r a t i v e  a f f a i r s ,  and M r s .  D. Zimmerman served as s e c r e t a r y .  
This  Report has  been assembled by M r .  L. R. Wackerling, w i t h  t h e  a i d  of t h e  
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other staff members, and approved by Dr. Henize. 
Lloyd R. Wackerling 
Karl G. Henize 
23 September 1968 
APPENDIX A 
C i r c u i t  Operat ion 
I. Quasi-Log Photometer. 
Opera t ion  of  t h e  c i r c u i t  occu r s  i n  f o u r  s t e p s ,  c o n t r o l l e d  by r e l a y s :  
z e r o - i n t e g r a t o r ,  zero-dark,  z e r o - a l l ,  and expose. These w i l l  be taken up 
s t a r t i n g  w i t h  zero  - i n t e g r a t o r  . 
Zero - In t eg ra to r  cyc le :  Relay K 1  i s  ac tua ted ,  p u t t i n g  a lOOK r e s i s t o r  
a c r o s s  t h e  feedback network of  o p e r a t i o n a l  a m p l i f i e r  LPT-1. Relay K2  i s  
a l s o  a c t u a t e d ,  so  t h a t  t h e  2.7 microfarad  c a p a c i t o r s  are connected from 
t h e  a m p l i f i e r  ou tput  (which is  ze ro  due t o  t h e  100-K feedback r e s i s t o r )  
and a +10 v o l t  zener - regula ted  supply vo l t age .  The c a p a c i t o r s  are thus  
charg ing  t o  a nominal 4-10 v o l t s .  The purpose of  t h i s  cyc le  i s  merely t o  
reaiove charge from t h e  68000 pf i n t e g r a t i n g  c a p a c i t o r ,  so t h a t  t h e  next  
c y c l e  w i l l  beg in  w i t h  n e a r l y  zero charge on t h a t  c a p a c i t o r .  Relay R4 i s  
open, so t h a t  t h e  t iming  i n t e g r a t o r  (OP2) holds  i t s  ou tpu t  vo l t age .  This  
c y c l e  is c o n t r o l l e d  by apply ing  +15 v o l t s  t o  t h e  Zero I n t e g r a t o r  i npu t  
(lower l e f t ) ;  t h a t  v o l t a g e  i s  diode-coupled t o  t h e  inpu t  t o  OP1, t h e  zero-  
c r o s s i n g  d e t e c t o r ,  so i t s  ou tpu t  v o l t a g e  i s  made t o  be p o s i t i v e .  With a 
p o s i t i v e  v o l t a g e  a t  t h e  ou tpu t  of  OP1, t h e  swi tch ing  d iode  network a t  t h e  
inpu t  o f  OP2 i s  open, and no i n t e g r a t i n g  c u r r e n t  f lows i n t o  OP2. The 
da ta- ready  ou tpu t  (lower r i g h t )  does n o t  go p o s i t i v e ,  however, s i n c e  t h e  
Expose-2 v o l t a g e  i s  n o t  p o s i t i v e .  
Relay K3 i s  i n a c t i v e ,  s o  t h e  output  of  t h e  d i f f e r e n t i a l  a m p l i f i e r  
41-42 has  no e f f e c t .  
r i g h t )  i s  a rough i n d i c a t o r  of t h e  ou tpu t  o f  LFT-1. 
During t h i s  c y c l e  t h e  "dark c u r r e n t "  ou tpu t  (upper 
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Zero Dark: This  c y c l e  i s  c o n t r o l l e d  by applying 3.15 v o l t s  t o  t h e  
Zero Dark i n p u t ;  t h e  s a m e  v o l t a g e  ho lds  t h e  ze ro -c ross ing  d e t e c t o r  o u t p u t  
p o s i t i v e ,  so t h e  d a t a  ou tpu t  s t i l l  ho lds  i t s  vo l t age .  Relay K2  remains 
ene rg ized ,  so t h e  two c a p a c i t o r s  are  kept  charged t o  about  10 v o l t s .  The 
l a r g e  c a p a c i t i v e  load does n o t  a f f e c t  LFT-1 adve r se ly .  
ene rg ized ,  and K3nowcloses.  The c l o s i n g  o f  K3 completes a feedback loop 
through t h e  d i f f e r e n t i a l  a m p l i f i e r  41-42, t h e  10 o E i  r e s i s t o r ,  and LFT-1. 
The feedback a c r o s s  LFT-1 c o n s i s t s  of t h e  68000 pf c a p a c i t o r  i n  series 
w i t h  t h e  1.5 meg r e s i s t o r .  The ou tpu t  of LFT-1 thus  w i l l  change u n t i l  t h e  
r a t e  o f  change of c a p a c i t o r  v o l t a g e  i s  ze ro ,  implying t h a t  t h e  c u r r e n t  
i n t o  t h e  s i g n a l  i npu t  (upper l e f t )  i s  matched by the  c u r r e n t  i n t o  t h e  10 
ohm r e s i s t o r .  A t  t h e  end of t h i s  c y c l e  K3 w i l l  open, and t h e  10-microfarad 
c a p a c i t o r  w i l l  hold i t s  v o l t a g e ;  t h e  c a n c e l l a t i o n  c u r r e n t  w i l l  t hus  s t a y  
c o n s t a n t ,  decaying 1% i n  100 seconds. The 68K r e s i s t o r  i n  series w i t h  
Relay K 1  i s  de- 
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t h e  10-microfarad c a p a c i t o r  p reven t s  t h e  whole c i r c u i t  from o s c i l l a t i n g ,  
and a l s o  smooths o u t  t r a n s i e n t s  t h a t  may occur  j u s t  a t  t h e  end o f  t h e  
cyc le .  Note t h a t  t h e  c a n c e l l a t i o n  c u r r e n t  a l s o  cance l s  c o n s t a n t  s t r a y  
c u r r e n t s  from o t h e r  sou rces  t h a t  might reach t h e  inpu t  of t h e  a m p l i f i e r .  
When K 1  i s  de-energized,  it grounds one end of t h e  100-K r e s i s t o r .  
The purpose i s  no t  t o  load  LFT-1, b u t  t o  prevent  a v o l t a g e  appearing a c r o s s  
t h e  open c o n t a c t s  o f  K 1  which might cause leakage c u r r e n t s  i n t o  t h e  
photometer i npu t .  
Zero A l l :  K 1  aga in  c l o s e s ,  p u t t i n g  100-K a c r o s s  LFT-1; K3 opens so 
t h a t  t h e  c a n c e l l a t i o n  c u r r e n t  h o l d s  c o n s t a n t ;  i t s  xagn i tude ,  however (less 
than one nanoampere) i s  i n s u f f i c i e n t  t o  cause any a p p r e c i a b l e  d e v i a t i o n  
of t h e  o u t p u t  of LFT-1 from zero.  The t ime-constant  of t h e  68000 pf 
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c a p a c i t o r  and t h e  1.5 meg r e s i s t o r ,  about 0.1 second, i s  so s h o r t  t h a t  t h e  
c a p a c i t o r  i s  f u l l y  discharged du r ing  t h e  3-second d u r a t i o n  of t h i s  c y c l e .  
The two 2.7 mic ro fa rad  c a p a c i t o r s  now have e x a c t l y  zero v o l t s  a p p l i e d  t o  
one end, and t h e  nominal,  b u t  c o n s t a n t ,  +10 v o l t s  a p p l i e d  t o  t h e  o t h e r  end, 
This  i s  t h e  c y c l e  du r ing  which t h e  c a p a c i t o r  v o l t a g e  i s  meant t o  be set 
e x a c t l y .  
The o u t p u t  of OP1 may be p o s i t i v e  o r  n e g a t i v e ,  depending on t h e  e x a c t  
This does n o t  s e t t i n g  o f  i t s  ze ro  adjustment  (a m i l l i v o l t  e i t h e r  way). 
matter, s i n c e  r e l a y  K 4  is now ene rg ized ,  t o g e t h e r  wi-th K2 and K 1 ,  by t h e  
Zero All v o l t a g e ,  t-15 v o l t s  app l i ed  t o  the a p p r o p r i a t e  i npu t .  The t iming 
i n t e g r a t o r ,  OP2, i s  zeroed du r ing  t h i s  c y c l e  through a small r e s i s t o r  
(not  shown) t h a t  p r e v e n t s  t h e  r e l a y  c o n t a c t s  from being overloaded,  
Expose: The exposure i s  s t a r t e d  when v o l t a g e s  are removed from t h e  
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Zero I n t e g r a t o r ,  Zero Dark, and Zero A l l  i npu t s .  The Expose 2 i npu t  comes 
from l o g i c  c i r c u i t r y ,  and has  t h e  purpose of enab l ing  t h e  Data Ready 
o u t p u t ,  so t h a t  t h i s  ou tpu t  can go p o s i t i v e  only a t  t h e  end o f  an exposure 
c y c l e ,  and w i l l  be zero o r  n e g a t i v e  du r ing  a l l  o t h e r  c y c l e s .  
A11 r e l a y s  are i n a c t i v e  du r ing  t h e  expose c y c l e ;  t h i s  means t h a t  r e l a y  
K2 w i l l  now de -ene rg ize ,  connect ing t h e  two c a p a c i t o r s  charged t o  +lO v o l t s  
a c r o s s  t h e  1.5 megohm r e s i s t o r .  The r e s u l t  w i l l  be t h a t  t h e  ou tpu t  of 
LFT-1 w i l l  drop immediately t o  minus 10 v o l t s ,  t h e r e  being no v o l t a g e  
i n i t i a l l y  a c r o s s  t h e  i n t e g r a t i n g  c a p a c i t o r .  The t ime-constant  determiced 
by t h e  2.7 mic ro fa rad  c a p a c i t o r s  and t h e  1.5 megohm r e s i s t o r  t h u s  d e t e r -  
mines how f a s t  t h e  series v o l t a g e  i n  t h e  feedback pa th  of LFT-1 w i l l  decay, 
A s i g n a l  c u r r e n t  e n t e r i n g  t h e  inpu t  w i l l  produce a s t e a d i l y - r i s i n g  v o l t a g e  
on t h e  68000 pf c a p a c i t o r  (its e f f e c t  v ia  t h e  1.5 meg r e s i s t o r  w i l l  be 
n e g l i g i b l e  and w i l l  be  absorbed i n t o  t h e  c a l i b r a t i o n  cu rve ) .  When t h e  
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i n t e g r a t e d  s i g n a l  c u r r e n t  i s  equa l  t o  t h e  decaying v o l t a g e  o f  t h e  RC p a i r ,  
t h e  o u t p u t  o f  LFT-1 w i l l  become zero.  
A t  t h e  moment t h e  exposure s tar ts ,  t h e  ou tpu t  of LFT-1 goes nega- 
t ive ,  and t h e  ou tpu t  o f  t h e  ze ro -c ross ing  d e t e c t o r  t h e r e f o r e  goes nega- 
t i v e .  A t  t h e  same i n s t a n t ,  K4 i s  d e a c t i v a t e d .  When t h e  o u t p u t  of OP1 
goes n e g a t i v e ,  t h e  d iode  swi t ch ing  network i s  connected and t h e  i n t e g r a t i n g  
c u r r e n t  i s  pe rmi t t ed  t o  e n t e r  t h e  t iming i n t e g r a t o r ,  p r e c i s i o n  r e s i s t o r ,  
and a d i o d e - r e s i s t o r  combination which e s t a b l i s h e s  a diode drop a t  t h e  
n e g a t i v e  end o f  t h e  10-meg r e s i s t o r  n e a r l y  equal  t o  t h e  diode drop a t  t h e  
end which i s  connected t o  t h e  i n t e g r a t o r ;  t h i s  i s  a temperature-compensa- 
t i o n  c i r c u i t .  The zener  diode e s t a b l i s h e s  a c u r r e n t  i n  t h e  compensating 
diode t h a t  makes i t s  n e t  c u r r e n t  equa l  t o  t h a t  i n  t h e  diode a t  t h e  o t h e r  
end of t h e  10-meg r e s i s t o r .  
The d iode  t h a t  i s  grounded a t  one end, i n  t h e  switching network, 
p r e v e n t s  occurrence of a l a r g e  inpu t  reverse v o l t a g e  a c r o s s  t h e  switching 
diode from g e n e r a t i n g  a s i g n i f i c a n t  r e v e r s e  leakage c u r r e n t  which might 
d i s t u r b  t h e  ou tpu t  o f  OP2 when i t  i s  supposed t o  be holding.  The 22-K 
r e s i s t o r  i n  s e r i e s  w i t h  t h e  ou tpu t  of OP2 pe rmi t s  t h e  ou tpu t  of t h a t  ampli-  
f i e r  t o  change d e s p i t e  t h i s  clamping a c t i o n .  That i s  necessa ry  s i n c e  t h e  
ou tpu t  of OP1 has  t o  go p o s i t i v e  t o  g e n e r a t e  t h e  Data Ready s i g n a l .  
The Data Ready s i g n a l  i s  a l s o  t h e  end-of-exposure s i g n a l  which goes 
t o  t h e  l o g i c  c i r c u i t s ,  t e l l i n g  them t h a t  it is  t i m e  t o  s t e p  t h e  f i l t e r  
wheel. I n  t h e  f i l t e r - w h e e l  c i r c u i t s  i t  is  c a l l e d  t h e  End s i g n a l .  The 
r e s i s t o r  network a s s o c i a t e d  wi th  the  Data Ready ou tpu t  i s  s e l e c t e d  so  as 
t o  provide t h e  r e q u i r e d  amount of c u r r e n t  f o r  t h e  l o g i c  c i r c u i t .  It can 
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be seen t h a t  no END s i g n a l  i s  p o s s i b l e  u n l e s s  t h e  p o s i t i v e  Expose-2 
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v o l t a g e  is  p r e s e n t .  Th i s  c i r c u i t  i s  thus  t h e  p a r t  o f  t h e  S tep  Control  
Logic c i r c u i t s .  The Expose-2 s i g n a l  i s  generated on ly  when t h e  f i l t e r  
wheel i s  i n  t h e  open p o s i t i o n ,  being de r ived  from a p h o t o c e l l  ou tpu t .  
11. S tep  Generator .  
The S t e p  Generator  c o n s i s t s  of a u n i j u n c t i o n  o s c i l l a t o r  d r i v i n g  a 
complementary one-shot ,  which i n  t u r n  both t r i g g e r s  a s w i t c h - t a i l  r i n g  
coun te r  and g a t e s  on t h e  f o u r  t r a n s i s t o r s  t h a t  power t h e  s t epp ing  motor 
d r i v e r s .  The f i l t e r  wheel and d e c l i n a t i o n  scan s t e p  g e n e r a t o r s  are iden- 
t i c a l  except f o r  t h e  u n i j u n c t i o n  time c o n s t a n t s  and t h e  speed-control  
r e s i s t o r  which i s  p r e s e n t  on ly  on t h e  f i l t e r - w h e e l  c i r c u i t .  
Consider f i r s t  t h e  f i l t e r - w h e e l  c i r c u i t .  The u n i j u n c t i o n  normally 
f r e e - r u n s ,  g e n e r a t i n g  one ou tpu t  p u l s e  approxlmately every t h r e e  seconds. 
This  b a s i c  r e p e t i t i o n  ra te  occur s  when t h e  "speed" inpu t  has  +15 v o l t s  on 
i t ,  which i s . a n y  t i m e  t h a t  t h e  Zero Dark v o l t a g e  i n t o  t h e  photometer i s  
- no t  on. 
j u n c t i o n  t iming c a p a c i t o r  t o  f a l l ,  and t h e  zero-dark c y c l e  i s  t h u s  l eng th -  
ened ove r  t h e  o t h e r  c y c l e s ,  t o  permit  complete c a n c e l l a t i o n  o f  dark 
c u r r e n t .  
Thus t h e  zero da rk  c y c l e  causes  t h e  charging ra te  o f  t h e  un i -  
The Stop inpu t  i s  c o n t r o l l e d  by t h e  d e c l i n a t i o n  l o g i c :  when t h e  
d e c l i n a t i o n  scan i s  i n  p rogres s  & t h e  f i l t e r - w h e e l  c y c l e  has  reached 
Zero I n t e g r a t o r ,  t h e  s t o p  inpu t  i s  brought t o  a v o l t a g e  lower than  t h e  
f i r i n g  p o i n t  of t h e  u n i j u n c t i o n ,  and no f u r t h e r  f i l t e r  wheel s t e p s  can 
t a k e  p l ace .  
The ou tpu t  p u l s e s o f t h e  u n i j u n c t i o n  o s c i l l a t o r  t r i g g e r  t h e  one-shot ,  
42-43. 
t h e  J K  f l i p - f l o p s  l o w  and caus ing  t h e  s t a t e  of t h e  r i n g  coun te r  t o  advance 
The c o l l e c t o r  o f  42 goes n e g a t i v e ,  b r ing ing  t h e  c l o c k  i n p u t s  o f  
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one s t e p .  The d u r a t i o n  of t h e  f l i p - f l o p  on c y c l e  i s  c o n t r o l l e d  by t h e  
feedback r e s i s t o r - c a p a c i t o r  c i r c u i t  from t h e  c o l l e c t o r  o f  43 t o  t h e  base  
of 42;  i t  is  set f o r  about 50 mi l l i s econds .  The c o l l e c t o r  o f  43 i s  
diode-coupled t o  t h e  emitters of t h e  fou r  o u t p u t  t r a n s i s t o r s ,  and t h e  
50-mil l isecond p o s i t i v e  p u l s e  thus enab le s  a l l  f o u r  t r a n s i s t o r s  f o r  f i f t y  
m i l l i s e c o n d s  a f t e r  t h e  r ing -coun te r  has  changed state.  The r e s u l t  i s  t h a t  
every t i m e  t h e - f o u r  o u t p u t s  of  t h e  r ing -coun te r  change s ta te ,  t h e  o u t p u t  
t r a n s i s t o r s  are ga ted  on j u s t  long enough t o  ensu re  t h a t  t h e  s t e p p e r  motor 
w i l l  make t h e  t r a n s i t i o n  t o  t h e  next  p o s i t i o n .  The f o u r  t r a n s i s t o r s  shown 
d r i v e  fou r  hea t - s inked  2N698's, no t  shown, t h a t  a c t u a l l y  switch c u r r e n t  
i n t o  t h e  s t e p p e r  motor l eads .  
Th i s  c i r c u i t  t hus  g e n e r a t e s  t h e  r equ i r ed  p a t t e r n  o f  o u t p u t  p u l s e s  
f o r  advancing t h e  p o s i t i o n  o f  t h e  s t e p p e r  motors ,  and a t  t h e  same  t i m e  
minimizes c u r r e n t  d r a i n  by c o n t r o l l i n g  t h e  du ty  c y c l e  of t h e  motors t o  
t h e  minimum o n - t i n e  needed t o  a s s u r e  r e l i a b l e  t r a n s i t i o n s .  The d e c l i n a t i o n  
scan is  t h e  f a s t e s t ,  proceeding a t  about t h r e e  s t e p p e r  second; t h e  duty 
c y c l e  i s  thus  0.15. 
The r i n g - t a i l  coun te r  i s  made of two f l a t p a c k  i n t e g r a t e d  c i r c u i t s  
on a s m a l l  p r i n t e d - c i r c u i t  board t h a t  i s  mounted piggyback on t h e  main 
board. It g e n e r a t e s  t h e  sequence 00, 01, 11, 10 requ i r ed  t o  advance t h e  
s t e p p e r  motor. Reversal  o f  t h e  d e c l i n a t i o n  motor i s  accomplished by a 
magnetic l a t c h i n g  r eed  r e l a y  t h a t  i n t e rchanges  t h e  l e a d s  from Q6 t o  47 
t o  t h e  s t e p p e r  motor d r i v e r s .  
111. D e c l i n a t i o n  Reversing. 
When t h e  d e c l i n a t i o n  scan commences and t h e  l as t  p o s i t i o n  h a s  been 
completed, a h o l e  i n  t h e  d e c l i n a t i o n  p o s i t i o n  encoder exposes a l i m i t  
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p h o t o c e l l  t o  a l i g h t  bu lb .  This  e n e r g i z e s  a 2N698 which i n  t u r n  e n e r g i z e s  
t h e  c o i l s  i n  t h r e e  magnetic l a t c h i n g  reed r e l a y s .  One c o n t a c t  p a i r  grounds 
t h e  FG-reverse i n p u t  t o  t h e  S tep  Control  Logic,  which has  t h e  e f f e c t  o f  
ho ld ing  t h e  d e c l i n a t i o n  s t e p  g e n e r a t o r  on a.nd p reven t ing  t h e  f i l t e r  wheel 
from advancing. The o t h e r  two c o i l s  a c t u a t e  c o n t a c t s  t h a t  r e v e r s e  t h e  
d i r e c t i o n  i n  which t h e  s t e p p e r  motor d r i v e s  t h e  photometer b a r r e l  ( s ee  
t h e  S tep  Generator  d i s c u s s i o n ) .  Since t h e  r e l a y s  l a t c h ,  t hey  s t a y  i n  
. t h a t  p o s i t i o n  even though t h e  p h o t o c e l l  i s  immediately covered aga in .  
The scan proceeds a l l  t h e  way t o  t h e  o t h e r  l i m i t ,  where t h e  o t h e r  
l i m i t  p h o t o c e l l  i s  uncovered; it a c t u a t e s  t h e  o t h e r  2N698, which a c t u a t e s  
t h e  r e s e t  c o i l s  i n  t h e  t h r e e  r e l a y s ,  r e s t o r i n g  t h e  scan to t h e  forward 
d i r e c t i o n  and enab l ing  t h e  s t e p  c o n t r o l  l o g i c  c i r c u i t  t o  o p e r a t e  normally 
(which s e e ) .  
save t h a t  needed f o r  t h e  s m a l l  lamps t h a t  a c t u a t e  t h e  p h o t o c e l l s .  
This  r e v e r s i n g  c i r c u i t  t hus  consuiws p r a c t i c a l l y  no power, 
I 
I V .  F i l t e r  Wheel Decoder Logic. 
The f i l t e r  wheel carries a drum having f i v e  s l o t s  i n  i t ;  i n  t h e  
c e n t e r  of t h e  drum i s  a s i n g l e  lamp, and around t h e  housing i n  which t h e  
drum t u r n s  are f i v e  p h o t o c e l l s ,  spaced so t h a t  each sees t h e  lamp through 
a s l o t  i n  t h e  drum dur ing  one o f  t h e  fou r  s t e p s  t h a t  occur  f o r  each 
f i l t e r  p o s i t i o n .  Thus a f t e r  an exposure is ended, t h e  f i r s t  s t e p  exposes 
t h e  Zero I n t e g r a t o r  p h o t o c e l l  t o  t h e  lamp; one end of each p h o t o c e l l  i s  
grounded, so t h i s  has  t h e  e f f e c t  o f  t u r n i n g  43 on. I n  t h e  sane way, t h e  
nex t  f i l t e r  wheel s t e p  exposes t h e  Zero Dark ce l l ,  t u r n i n g  on 41, then 
t h e  n e x t  s t e p  t u r n s  on 42,  and t h e  l a s t  s t e p  t u r n s  on 44. The f i l t e r -  
wheel s t e p s  proceed a u t o m a t i c a l l y  u n l e s s  something s t o p s  them, and so t h e  
p r e s e n t  c i r c u i t  conve r t s  t hose  s t e p s ,  by means of  t h e  f i l t e r  wheel o p t i c a l  
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encoder , i n t o  
o r  +15 v o l t s ,  
a program of ou tpu t  v o l t a g e s  which are e i t h e r  open-c i r cu i t  
t h a t  c o n t r o l  t h e  photometer. 
The Expose pho toce l l  t u r n s  on both 4 4  and Q 5 ;  t h e  pos i t i ve -go ing  
o u t p u t ,  Exp2, goes t o  t h e  photometer where i t  enables  t h e  END s i g n a l ;  
t h e  END s i g n a l  cannot  go p o s i t i v e  u n l e s s  t h e  f i l t e r  wheel i s  i n  t h i s  pos i -  
t i o n .  The o t h e r  o u t p u t ,  from Q.5, i s  e i t h e r  o p e n - c i r c u i t  o r  a s h o r t  t o  
ground; i t  i s  used i n  t h e  f i l t e r  wheel p a r t  of  t h e  s t e p  c o n t r o l  l o g i c  
c i r c u i t ;  i t  ho lds  t h e  f i l t e r  wheel s t e p  gene ra to r  o f f  u n t i l  t h e  END s i g n a l  
appears .  
When t h e  f i l t e r  wheel s t e p s  from t h e  z e r o - a l l  p o s i t i o n  t o  t h e  open 
p o s i t i o n  f o r  f i l t e r  number 6 ,  t h e  l o c a t i o n  where t h e  r e fe rence  l i g h t  
source  i s  t o  be ,  t h e  f i f t h  pho toce l l  i s  b r i e f l y  i l l umina ted  as a s l i t  
pas ses  i t .  This  "pos i t i on  6" s i g n a l  i n d i c a t e s  t h a t  a l l  f i l t e r  p o s i t i o n s  
have been used ,  and t h a t  i t  i s  t i m e  f o r  t h e  d e c l i n a t i o n  scan t o  s tar t .  
The inpu t  t o  t h e  c i r c u i t  composed o f  Q 6 ,  4 7 ,  and QS thus  goes b r i e f l y  
nega t ive  j u s t  as t h e  f i l t e r  t r a n s i t s  t o  p o s i t i o n  6 .  
Q6 and QS comprise a one-shot  having an on-time of  one o r  two seconds.  
During t h i s  t i m e ,  47 i s  on and i t s  c o l l e c t o r  goes t o  ground. This  
c o l l e c t o r  goes t o  the same p lace  i n  t h e  s t e p  c o n t r o l  l o g i c  t h a t  is 
grounded by t h e  l i m i t - d e t e c t i n g  c i r c u i t ;  grounding t h i s  p o i n t  causes  
t h e  d e c l i n a t i o n  s t e p p e r  motors t o  s t e p .  The one-shot  t i m e  cons t an t  i s  
long enough so t h a t  three o r  fou r  s t e p s  t a k e  p l ace ;  t h e  need f o r  t h i s  
p u l s e - s t r e t c h i n g  w i l l  be seen  i n  t h e  d i s c u s s i o n  of t h e  S tep  Cont ro l  Logic 
C i r c u i t .  
V. S t ep  Control  Logic.  
The s t e p  c o n t r o l  l o g i c  board r e c e i v e s  s i g n a l s  i n d i c a t i n g  t h e  s t a t u s  
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of  t h e  f i l t e r  wheel and d e c l i n a t i o n  scan ,  and produces o u t p u t s  which 
s t o p  e i t h e r  t h e  f i l t e r  o r  d e c l i n a t i o n  s t epp ing  motors.  
The d e c l i n a t i o n  scan proceeds u n l e s s  42 i s  turned  on,  a t  which 
p o i n t  t h e  ou tpu t  l a b e l l e d  Dec Uni junc t ion  i s  brought  t o  a p o t e n t i a l  j u s t  
t oo  low t o  a l low t h e  d e c l i n a t i o n  s t e p  gene ra to r  t o  ope ra t e .  Q2 can be  
turned  on o n l y  by a s i g n a l  from t h e  d e c l i n a t i o n  p o s i t i o n  pho toce l l  t h a t  
i s  uncovered by t h e  h o l e s  i n  t h e  pos i t ion-coding  p l a t e  determining where 
t h e  d e c l i n a t i o n  s t o p s  are t o  be.  Any t i m e  t h a t  t h e  d e c l i n a t i o n  p o s i t i o n  
i s  between two o f  t h e s e  p o s i t i o n s ,  t h e  pho toce l l  i s  covered,  and s i n c e  
i t  i s  connected t o  +15 v o l t s ,  i t  can t u r n  42 on on ly  when l i g h t  reaches  
it  through a h o l e  i n  t h e  encoder s t r i p .  I f  t h e  photometer b a r r e l  i s  
j a r r e d  o f f  t h e  proper  p o s i t i o n ,  t h e  d e c l i n a t i o n  s t e p  gene ra to r  w i l l  
s imply s t e p  t h e  b a r r e l  t o  t he  n e a r e s t  p r e s e t  s t o p  i n  t h e  forward scan 
d i r e c t i o n .  
The inpu t  l a b e l l e d  "F6 o r  reverse"  i s  grounded by e i t h e r  t h e  l i m i t  
r eed  r e l a y ,  o r  by occurrence  of  t h e  f i l t e r - w h e e l - p o s i t i o n - 6  s i g n a l .  The 
F6 s i g n a l  i s  p r e s e n t  f o r  one o r  two seconds,  enough t i m e  t o  ensu re  t h a t  
t h e  d e c l i n a t i o n  s t e p p e r s  gene ra t e  enough s t e p s  t o  cover  t h e  pho toce l l ;  
t h e  F6 s i g n a l  may then d i sappea r ,  and t h e  d e c l i n a t i o n  scan w i l l  proceed 
by i t s e l f  t o  t h e  nex t  p o s i t i o n .  I f  t h e  l i m i t  pho toce l l  i s  reached i n -  
s t e a d ,  then a r e l a y  c o n t a c t  grounds t h e  F6 inpu t  and scanning proceeds 
( reversed ,  o f  course ,  by t h e  o t h e r  two r e l a y s )  u n t i l  f i n a l l y  t h e  s t a r t i n g  
l i m i t  i s  reached. A t  t h a t  p o i n t  t h e - p o s i t i o n - s i x  input  i s  ungrounded, 
and t h e  b a r r e l  s t e p s  t o  t h e  f i r s t  p o s i t i o n  where t h e  p o s i t i o n - d e t e c t i n g  
pho toce l l  i s  uncovered and t h e  scan s tops .  
I 
While t h e  d e c l i n a t i o n  scan i s  proceeding,  t he  c o l l e c t o r  o f  42 i s  
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a t  a v o l t a g e  o f  more than  t h r e e  v o l t s  p o s i t i v e .  When t h a t  i s  t h e  case ,  
t h e  base  of  Q 1  i s  a l s o  a t  t h a t  same p o t e n t i a l ,  and i f  t h e  emitter of  Q 1  
becomes more nega t ive  than about  +2.4 v o l t s ,  Q 1  w i l l  t u r n  on. The 
c o l l e c t o r  p o t e n t i a l  of  Q 1  w i l l  d rop ,  and t h e  o u t p u t  l a b e l l e d  F i l t e r  Uni- 
j u n c t i o n  w i l l  d rop  t h e  u n i j u n c t i o n  i n p u t  v o l t a g e  and s t o p  t h e  f i l t e r  
wheel s t e p  gene ra to r .  The base  o f  Q l  i s  shown as be ing  connected’to t h e  
Zero Dark i n p u t ,  which i n  t u r n  would go d i r e c t l y  t o  the  Zero Dark photo- 
cell .  I f  t h e  d e c l i n a t i o n  scan  i s  p rogres s ing ,  t h e r e f o r e ,  t h e  f i l t e r  . 
wheel can proceed t o  t h e  Zero Dark p o s i t i o n ,  p e r m i t t i n g  t h e  photometer 
t o  e n t e r  the Zero Dark c y c l e ,  and then t h e  f i l t e r  wheel s t e p  gene ra to r  
i s  h a l t e d .  An exposure t h a t  begins  j u s t  as t h e  d e c l i n a t i o n  scan commences 
(meaning an exposure w i t h  f i l t e r  p o s i t i o n  6 open) w i l l  be  c a r r i e d  o u t  
normally,  and t h e  c y c l e  w i l l  proceed t o  Zero Dark, but  n o t  beyond t h a t  
cyc le .  The purpose of t h i s  arrangement i s  t o  permit  t h e  r e f e r e n c e  l i g h t  
source  t o  be  measured and read  ou t  wh i l e  t h e  d e c l i n a t i o n  scan i s  i n  
p rogres s ,  t o  save  t i m e .  It is  p o s s i b l e  t o  use  a d i f f e r e n c e  input  t o  t h e  
Zero Dark” p o s i t i o n  i n  t h i s  c i r c u i t  and s t o p  t h e  c y c l e  a t  any o t h e r  I 1  
p o i n t ;  c u r r e n t l y  w e  are s topping  it  i n  t h e  Zero I n t e g r a t o r  c y c l e ,  so  t h a t  
t h e  Zero Dark c y c l e  w i l l  occur  wi th  t h e  photometer s t a t i o n a r y ,  
T r a n s i s t o r  43 preven t s  t h e  f i l t e r  wheel from advancing dur ing  an 
exposure,  r e g a r d l e s s  of  what t h e  d e c l i n a t i o n  scan i s  doing.  The 8 2 K  
r e s i s t o r  can t u r n  on 43 i f  44 is  o f f  and t h e  emitter of 43 i s  grounded; 
i t  i s  grounded when t h e  f i l t e r  wheel encoder i l l u m i n a t e s  t h e  pho toce l l  
i n d i c a t i n g  t h e  open p o s i t i o n ,  v i a  t h e  f i l t e r  wheel decoder l o g i c  c i r c u i t s .  
44 t u r n s  on on ly  when t h e  END s i g n a l  goes p o s i t i v e ,  
1 
Thus: when t h e  f i l t e r  wheel reaches  an open p o s i t i o n ,  t he  exposure 
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starts and 43 p r e v e n t s  t h e  f i l t e r  wheel from moving however long t h e  
exposure may be. A t  t h e  end o f  t h e  exposure 44 t u r n s  on and t u r n s  43 
o.ff ,  p e r m i t t i n g  t h e  f i l t e r  s t e p  gene ra to r  t o  proceed. A f t e r  one s t e p  
has  occur red ,  t h e  emit ter  o f  43 i s  no longe r  grounded, so f i l t e r  s t e p p i n g  
may proceed normally i f  t h e  d e c l i n a t i o n  s t e p p e r  i s  n o t  active. 
To make t h e  d e c l i n a t i o n  p o s i t i o n  proceed ' t o  t h e  nex t  p o s i t i o n  under 
e x t e r n a l  c o n t r o l ,  w i t h  automatic  l i m i t  s ens ing  and r e t r a c e ,  momentarily 
ground t h e  F6 inpu t .  To s t o p  d e c l i n a t i o n  scanning a l t o g e t h e r ,  t h e  
c o l l e c t o r  of 42 should be grounded ( t h i s  p reven t s  i n t e r f e r e n c e  wi th  
f i l t e r  wheel s t e p p i n g ) .  To s t o p  the  f i l t e r  wheel, t h e  f i l t e r  wheel 
s t e p  g e n e r a t o r  u n i j u n c t i o n  inpu t  should be grounded, which i s  t h e  same 
as grounding t h e  o u t p u t  l a b e l l e d  F i l t e r  Unijunct ion on t h i s  diagram. 
Thus e x t e r n a l  c o n t r o l  of a l l  major func t ions  may be added wi thou t  need 
f o r  mode-switching c i r c u i t s ,  t h e  on ly  a c t i o n  r equ i r ed  being t o  make a 
connect ion t o  ground. S t a t u s  r eadou t s  can be ob ta ined  from t h e  photo- 
cells  o r  t h e  a s s o c i a t e d  a m p l i f i e r s .  
APPENDIX B 
Performance of t h e  Quasi-Log Photometer and True-Log Photometer 
I. Q -L Photometer. 
F igu re  4 shows t h e  behavior  of t h e  quas i - log  photometer i n  l abora -  
t o r y  tests u s i n g  an a r t i f i c i a l  source  o f  "photocurrent";  t h i s  apprxach 
w a s  used t o  test t h e  system a t  extremely s m a l l  pho tocur ren t s ,  which are 
equ iva len t  t o  low l i g h t  l e v e l s  from a l i n e a r  pho tomul t ip l i e r .  The 
comparison o f  t h e  a c t u a l  d a t a  t o  the  t h e o r e t i c a l  form of  tfie curve shows 
t h a t  t h e  system o p e r a t e s  w e l l  ove r  t h e  dynamic range of  about  1 O O O : l .  
Severa l  a t t empt s  w e r e  made t o  use  t h i s  system on t h e  sky ,  bu t  bad 
weather  i n t e r f e r e d  s e r i o u s l y  wi th  t h i s  program; f i n a l l y  t h e  photometer 
was taken t o  New Mexico where b e t t e r  sky c o n d i t i o n s  could be expected.  
However, on ly  one n i g h t  o f  observ ing  w a s  accomplished, t h e  remainder of  
t h e  p o t e n t i a l  n i g h t s  be ing  s p o i l e d  by moonlight and a g e n e r a l l y  hazy sky. 
During t h i s  pe r iod  it  w a s  r e a l i z e d  t h a t  t h e r e  w e r e  aiming problems w i t h  
t h e  s tubby tube ;  i t  had no t  been r e a l i z e d  j u s t  how few s tars  b r i g h t  
enough t o  u s e  f o r  c a l i b r a t i o n  under ea r th - sky  cond i t ions  would be 
a v a i l a b l e ;  a t  l eas t  fourth-magnitude s tars  are requ i r ed  when t h e  compe- 
t i t i o n  from t h e  sky i s  equ iva len t  t o  a f i r s t  o r  second magnitude s ta r ,  
and t h e r e  i s  on ly  about  one s tar  b r i g h t e r  than f o u r t h  magnitude i n  every 
60 one-degree f i e l d s ,  i n  t h e  most dense ly  populated p a r t s  of  t h e  sky. 
It had been planned t o  se t  t h e  photometer up t o  scan t h e  sky r epea ted ly ,  
and then  u s e  t h e  star d a t a  t o  p r a c t i c e  i n  l o c a t i n g  t h e  p o s i t i o n  of :he 
f i e l d  and t o  c a l i b r a t e  t h e  photometer. Th i s  p l a n ,  of  course ,  w a s  aban- 
doned. The next  l o g i c a l  approach would be t o  d i s a b l e  t h e  d e c l i n a t i o n  
scan and l e t  s tars  go through t h e  f i e ld -bu t  l a c k  of  an aiming device  
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made t h i s ,  t o o ,  i m p r a c t i c a l  t o  t r y  du r ing  t h e  New Mexico t r i p  (which was 
made i n  con junc t ion  w i t h  ano the r  p r o j e c t ) .  
been r e t u r n e d  t o  Evanston and a s i g h t  i n s t a l l e d ,  t h e  weather w a s  bad 
aga in ,  and then  t h e  concept f o r  t h e  t r u e  l o g  photometer w a s  developed. 
That system w a s  then used t o  o b t a i n  s ta r  d a t a  f o r  c a l i b r a t i o n  pu rposes t  
i n  Evanston, j u s t  a t  t h e  end o f  t h e  c o n t r a c t  per iod.  A d i s c u s s i o n  of 
t h e  l o g a r i t h m i c  photometer and i t s  performance fol lows.  C i r c u i t s  are 
n o t  d i scussed  i n  d e t a i l ,  s i n c e  t h e  changes are s l i g h t  and most o f  t h e  
system s t i l l  o p e r a t e s  as always. The c y c l e  and s t epp ing  c i r c u i t s ,  and 
By t h e  t i m e  t h e  system had 
t h e  l o g i c  c i r c u i t s ,  are a l l  t h e  same; a l l  t h a t  i s  d i f f e r e n t  i s  t h e  
photometer s t a g e  i t s e l f ,  and t h e  f a c t  t h a t  readout  i s  being c o n t r o l l e d  
remotely by a s m a l l  computer now, as a rough tes t  of t h e  way t h e  system 
wi!l a c t u a l l y  b e  used on t h e  moon. 
11. The Current  I n t e g r a t i n g  Log Photometer. 
The compression scheme which w a s  used i n  t h e  photometer throughout 
most o f  t h e  program w a s  intended on ly  t o  approximate a l o g a r i t h m i c  o u t -  
pu t .  It w a s  n o t  r e a l i z e d  u n t i l  much la ter  t h a t  t h e  same scheme could 
b e  modified t o  o b t a i n  an exac t  l o g a r i t h m i c  r e l a t i o n s h i p .  
I f  t h e  t i m e  i n t e r v a l  between s ta r t  of an exposure and t h e  zero- 
c r o s s i n g  of t h e  sum of i n t e g r a t e d  c u r r e n t  and an a r b i t r a r y  v o l t a g e  is  t o  
b e  p r o p o r t i o n a l  t o  t h e  loga r i thm of t h e  i n t e g r a t e d  c u r r e n t ,  then t h e  
a r b i t r a r y  v o l t a g e  t h a t  is  added should have t h e  form, 
-mt E, = k t  e , 
so t h a t  ze ro -c ross ing  w i l l  occur  when t h e  mean c u r r e n t  i n t e g r a l  equa l s  
t h i s  v o l t a g e ,  o r  when 
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I t / C  
where C i s  t h e  i n t e g r a t i n g  capac i tance .  
The c o n s t a n t  K r e p r e s e n t s  t h e  c u r r e n t  s i g n f i e d  by an exposure 
t i m e  of zero ,  o r  I,: t h e r e f o r e ,  
t = - 4h (I/Io) . 
I n  o r d e r  t o  produce t h e  a r b i t r a r y  exponent ia l  v o l t a g e  func t ion  a t  
t h e  ou tpu t  o f  t h e  i n t e g r a t o r ,  one may i n j e c t  a waveform a t  t h e  input  of  
t h e  i n t e g r a t o r  which w i l l  produce t h i s  i n t e g r a l ;  t h e  inpu t  c u r r e n t  must 
then have t h e  form 
r" I i n  I, emmt (1 - m t )  
A network which w i l l  produce t h i s  waveform c o n s i s t s  of  a v o l t a g e  
source  t h a t  i s  an exponent ia l ly-decaying  v o l t a g e ,  i n  series w i t h  an R-C 
series p a i r ;  t h e  c u r r e n t  through t h e  series RC p a i r  w i l l  have t h e  r equ i r ed  
form i f  t h e  s e r i e s  c a p a c i t o r  i s  smaller i n  va lue  than t h e  c a p a c i t o r  i n  
t h e  v o l t a g e  source.  The i n i t i a l  cond i t ions  r e q u i r e  t h a t  Io be  set t o  t h e  
l a r g e s t  expected c u r r e n t ,  which i s  accomplished by making t h e  series 
r e s i s t o r  equal  t o  t h e  r e fe rence  v o l t a g e  d iv ided  by t h e  i n i t i a l  c u r r e n t .  
For a r e f e r e n c e  v o l t a g e  of 10 v o l t s ,  and an i n i t i a l  c u r r e n t  of  
amperes, t h e  series r e s i s t o r  i s  100 megohms. 
APPENDIX C 
A Program f o r  Transformation of  Coordina tes  from Lunar E q u a t o r i a l  t o  
RA and Dec, E c l i p t i c ,  and New Galactic 
The program c a l c u l a t e s  e q u a t o r i a l ,  e c l i p t i c ,  and new g a l a c t i c  
coord ina te s  corresponding t o  s p e c i f i c  coord ina te s  i n  a l u n a r  e q u a t o r i a l  
system. 
, 
The l u n a r  system i s  def ined  by t h e  l u n a r  r o t a t i o n  axis and by 
t h e  northward c r o s s i n g  o f  t h e  l u n a r  equator  w i t h  t h e  ce les t ia l  equator .  
Lunar l a t i t u d e  and long i tude  are measured i n  an analogous way t o  t h e  
s tandard  as t ronomica l  systems, 
The u s e r  of  t h i s  program must s p e c i f y  t h e  l u n a r  coord ina te s  he  
wishes t o  be  t ransformed ( f o r  example, increments o f  l a t i t u d e ,  t e n  
degrees ;  every  t e n  degrees  of  l ong i tude  a t  each l a t i t u d e  s e t t i n g ) .  
s i n c e  t h e  r e s p e c t i v e  o r i e n t a t i o n s  of  t h e s e  systems are c o n t i n u a l l y  
changing, t h e  u s e r  must s p e c i f y  epoch f o r  which he  wishes t h e  t r a n s f o r -  
mation t o  be determined ( f o r  example, 1974.26). The program, w i t h  i t s  
p recess ion  subrou t ine ,  then performs t h e  o p e r a t i o n s  a t  t h e  d e s i r e d  
epoch. 
Also, 
The ou tpu t  of  t h e  program c o n s i s t s  of  two p a r t s :  t h e  f i r s t  a 
p r i n t o u t  of  t h e  l u n a r  coord ina te s  w i t h  corresponding va lues  i n  t h e  o t h e r  
systems; t h e  second a p l o t  of  l u n a r  coord ina te s  on a g r i d  d e f i n i n g  t h e  
new g a l a c t i c  system. 
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